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ABSTRACT 

 

CONSTRUCTION OF CONTINENTAL CRUST BY DEEP CRUSTAL FRACTIONAL 

CRYSTALLIZATION AND GARNET PYROXENITE ROOT DEVELOPMENT: 

GEOCHEMICAL EVIDENCE FROM FIORDLAND, NEW ZEALAND 

By 

John Arthur Wiesenfeld 

Master of Science in Geology 

A key problem in understanding the growth of continental crust in magmatic arcs 

centers on the mechanisms that control geochemical diversification, particularly in deep 

crustal MASH (melting, assimilation, storage, and homogenization) zones where high heat 

flow facilitates differentiation processes. The Malaspina Pluton in Fiordland, New Zealand 

is a particularly well exposed suite of gabbro to diorite that was emplaced into the root of 

the Gondwana arc at 12–14 kbars during a brief 5 myr interval from ca. 120 to 115 Ma. 

Previous studies on related rocks in the Western Fiordland Orthogneiss (WFO) have 

hypothesized that partial melting of mafic source rocks controlled the geochemical 

characteristics of the WFO, particularly heavy rare earth element depletions and high Sr/Y 

values (>>40). Similarly, partial melting of lower crust has been implicated as a mechanism 

for producing the characteristic tonalite-trondhjemite-granodiorite (TTG) suites in the 

adjacent, mid crustal Separation Point Suite; however, the production of large volumes of 

mafic to intermediate magmas by partial melting alone is difficult to reconcile with thermal 

and mass balance considerations. The issue is compounded by the brief interval over which 
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these large volumes of melts were emplaced into the crust (e.g., 5 Myr in the case of the 

Malaspina Pluton).  

To better understand magma sources and processes of geochemical diversification 

in the Malaspina Pluton, we integrate literature data with 36 new whole rock x-ray 

fluorsecence analyses and 17 new ICP-MS solution whole-rock analyses. Our results reveal 

that primitive gabbros (49.2–52.6 wt.% SiO2) in the Malaspina Pluton are magnesian, 

metaluminous and calc-alkalic to alkali-calcic in composition. They are characterized by 

high Al2O3 (>18.3–20.6 wt.%) and Sr/Y values (>46–223), but low CaO (6.7–8.6 wt.%), 

Mg# (40–50), Y (7–24 ppm) and heavy rare element concentrations. Zircon δ18O values for 

these rocks range from 5.67–5.75‰, and overlap entirely with the mantle oxygen isotope 

field (5.3 ± 0.6 ‰; 2SD: Valley, 2003). These results are not consistent with a direct 

mantle-derived melt, and therefore there is still some missing differentiation process in the 

history of the Malaspina Pluton. Post emplacement, geochemical trends are consistent with 

garnet + clinopyroxene (or omphacite) + plagioclase + amphibole controlling the liquid 

line of descent. Using average and evolved Malaspina diorite as daughter compositions and 

primitive Malaspina gabbros as starting compositions, major element mass balance models 

also predict a cumulate assemblage of garnet + clinopyroxene (or omphacite) + plagioclase 

± amphibole, and rutile with an approximately 1:1 ratio of melt-to-cumulate by volume. 

These results are consistent with seismic velocity data for the Doubtful Sound region which 

demonstrate the existence of a high velocity body (Vp > 7.5 km s-1) centered on the 

Malaspina Pluton that extends to 40 km depth and are likely the remnants of the Cretaceous 

mafic root.   
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CHAPTER 1: INTRODUCTION 

 

Continental crust is constructed in arcs by partial melting of asthenospheric mantle 

during subduction, and the subsequent refinement by fractional crystallization and/or 

chemical exchange with fluids and existing crust (Burke et al., 1976; Sleep and Windley, 

1982; Abbott and Hoffman, 1984; Condie, 1986). In modern models, hydrous partial 

melting of the mantle wedge above a descending, dehydrating oceanic slab is the primary 

source for arc magmas that ascend through — and are incorporated into the continental 

crust, ultimately adding to its mass through time (Hofmann, 1988; Hawkesworth et al., 

1991; Kay and Mahlburg-Kay, 1991; Mahlburg-Kay and Kay, 1994). The relative 

buoyancy of these derivative continental rocks compared to the mantle has been used to 

suggest that continental crust is not destroyed or reincorporated into the mantle during 

subduction processes, and therefore continental crust is essentially permanent once 

generated (except for recycling processes such as delamination and forearc erosion) 

(Drummond and Defant, 1990; Kelemen et al., 2007).  

This simple subduction model, like many schematic representations of natural 

processes, is over-simplified. One of its primary shortfalls is that in the absence of other 

processes, the continental crust should be basaltic in composition. Experimental studies 

suggest that melting of mantle peridotite generates basalt (<51 wt. % SiO2, >10 wt. % 

MgO, Mg# ≈ 0.69–0.80) (Ulmer, 2001; Parman and Grove, 2004); however, the bulk 

composition of the continental crust is andesitic and lower in MgO (c. 60 wt. % SiO2, c. 5 

wt. % MgO, Mg# ≈ 0.38) than hypothetical mantle-derived melts (Kay and Mahlburg-Kay, 

1988; Kelemen, 1995; Rudnick and Gao, 2003; Hawkesworth and Kemp, 2006; Hacker et 
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al. 2015, Taylor and McLennan, 1985). This discrepancy between the expected 

composition of the continental crust from peridotite-derived melts and the observed 

composition is commonly referred to as the “andesite problem” or the “continental crust 

paradox”.  

There are two leading hypotheses for enrichment mechanisms that may provide 

solutions to this conundrum: (1) fractional crystallization of mantle-derived basalt (or 

andesite), and (2) the partial melting/incorporation of existing crustal material. The first 

hypothesis suggests that mantle-derived basalts in the deep crust fractionally crystallize 

low-SiO2 assemblages of primarily garnet, pyroxene, and amphibole, forming mafic to 

ultramafic cumulates that delaminate from the crust and founder into the mantle, leaving 

behind an overall enriched crust (Hofmann, 1988; Kay and Mahlburg-Kay, 1991; Ducea, 

2001; Ducea, 2002; Zandt et al., 2004; Lee et al., 2006a; Alonso-Perez et al., 2008; Lee et 

al., 2014). The second hypothesis comprises several models whereby intermediate melts 

are generated by partial melting and/or assimilation of existing crustal material. For 

example, in one scenario, mafic lower continental crust is partially melted by increased 

heat flow from subduction-related basaltic underplating (Petford and Atherton, 1996; 

Dufek and Bergantz, 2005; Garrido, 2006). Some studies hypothesize that exposure of 

fertile continental crust to elevated thermal gradients via compressional underthrusting or 

subduction erosion can trigger voluminous flare-ups of intermediate magmas (DeCelles et 

al., 2009; Chapman et al., 2013). Hacker et al. (2011) proposed a “relamination” 

mechanism by which continental or oceanic arc crust is subducted into the mantle, re-

melted, and separated into a mafic residue and a felsic melt, the latter of which has a 

positive buoyancy compared to the surrounding mantle. This buoyant felsic material 



	   3	  

relaminates to the base of the continental crust, chemically enriching it (Hacker et al., 2011; 

Kelemen and Behn, 2016). Other models suggest that under certain conditions young and 

hot subducting oceanic crust may undergo dehydration partial melting (Defant and 

Drummond, 1990; Drummond and Defant, 1990; Rapp et al., 1991; Peacock et al., 1994; 

Rapp and Watson, 1995), and/or primary mantle-derived basaltic melts may assimilate 

crustal material during their emplacement and ascent through the crust (Hildreth and 

Moorbath, 1988). 

A common thread in all the models is that the geochemical refinement and 

diversification of continental crust occurs primarily within the roots of arcs where high 

temperature and pressure conditions facilitate partial melting, assimilation and fractional 

crystallization. Hildreth and Moorthbath (1988) proposed the existence of lower crustal 

zones of melting, assimilation, storage and homogenization (MASH zones) to explain the 

chemical heterogeneity of magmas within a single arc, and their model remains the 

dominant paradigm for contemplating magmatic arc processes. Although these deep crustal 

MASH zones are critical in understanding how arc magmas diversify, there are relatively 

few deep-crustal arc sections that permit detailed geochemical investigation. Whereas 

seismic reflection studies indicate that the lower crust is laterally and vertically 

heterogeneous (Smithson, 1978), crustal cross-sections are rare and much of our 

knowledge of arcs comes from experimental studies (Rapp and Watson, 1995; Müntener 

and Ulmer, 2006; Rushmer and Jackson, 2006; Getsinger and Rushmer, 2009), numerical 

studies (e.g., Dufek and Bergantz, 2005), xenolith studies (e.g., Ducea and Saleeby, 1996; 

Ducea, 2002; Lee et al. 2006), and a few scattered “crustal cross sections” around the globe 

(e.g., Rudnick, 1992; Rudnick and Fountain, 1995; Lee et al., 2001; Lee et al., 2006, Ducea 
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and Saleeby, 1996; Fountain et al., 1990; Walker et al., 2015) (See Miller and Snoke (2009) 

for a more detailed discussion of crustal cross sections).  

Several crustal cross sections of magmatic arcs exist, but few expose the 

intermediate–mafic middle to deep crust. The Sierra Nevada batholith in California is one 

of the best studied arcs; however exposures range only to paleodepths of ~35 km (Kidder 

et al., 2003; Pickett and Saleeby, 1993) and arc crust typically reaches thicknesses of ≥45 

km. Interpretations about the lower arc crust in studies of the Sierra Nevada batholith have 

been limited to inferences made via examination of erupted xenoliths and seismic reflection 

data (e.g., Dodge et al., 1988; Mukhopadhyay and Manton, 1994; Ducea and Saleeby, 

1996, 1998; Lee et al., 2000, 2001; Lee 2002; Saleeby et al., 2003; Saleeby et al., 2007; 

Saleeby et al., 2008). On the other hand, deep-crustal cross sections of tilted, exposed 

batholiths provide direct field observations of otherwise elusive processes of continental 

construction (e.g., the Kohistan batholith in Pakistan, the northern Cascades, the Talkeetna 

arc, the Bonanza arc, the Wooley Creek batholith of North America, and the Fiordland arc 

in New Zealand) (Ducea, 2001; Garrido, 2006; Miller and Snoke, 2009; Jagoutz and Behn, 

2014; Walker et al., 2015). Walker et al. (2015) studied the Sierra Valley Fértil Complex 

in Argentina, a crustal cross section of an arc exposing depths ranging from c. 12–32km, 

and were able to demonstrably rule out partial melting of the mafic units as being 

responsible for voluminous tonalite magmatism. Instead, they presented a model of 

prolonged, step-wise fractional crystallization processes to explain the major element 

evolution of the mafic complex, which suggests MASH zone refinement processes may be 

driven primarily by crystal-liquid segregation rather than partial melting. 
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Fiordland, New Zealand, offers a nearly complete crustal cross section — offset in 

some places by strike-slip faults — exposing arc crust from paleodepths of less than 6 km 

to over 65 km (De Paoli et al., 2009; Harrison and McDougall, 1980; Oliver and Coggon, 

1979; Gibson et al., 1988; Klepeis et al., 2003; Klepeis et al., 2007). Although New Zealand 

is presently composed of islands of continental fragments collectively known as Zealandia, 

Cretaceous reconstructions place these fragments along the margin of the Gondwana 

supercontinent, adjacent to a subduction zone (Mortimer, 2008; Gaina et al., 1998; 

Sutherland, 1999; and Eagles et al., 2004) [See Chapter 2 for further discussion of 

palinspastic reconstruction]. Fiordland comprises more than 5,000 km2 of Mesozoic lower 

arc crust, including the middle and lower crustal high Sr/Y (>40) intrusive suite called the 

Western Fiordland Orthogneiss (WFO) (A detailed discussion of the WFO and its geologic 

context will follow in the next chapter).  

The Malaspina Pluton is one of the deepest (in terms of emplacement depth) 

igneous bodies in the WFO (12–14.5 kbar, c. 42–50 km: Stowell et al., 2014), and therefore 

offers an ideal deep-crustal laboratory for studying primary differentiation processes in an 

arc setting. The relatively siliceous and leucocratic Separation Point Suite (SPS) has been 

interpreted in the past as the middle- to upper-crustal counterpart to the WFO due to similar 

emplacement age and chemistry, and both were hypothesized to be derived from melting 

of the older, mafic–intermediate, low Sr/Y (< 40) Darran Suite, which underplated the base 

of the crust in the Mesozoic (Tulloch & Rabone, 1993; Muir et al., 1995, 1998; Tulloch & 

Kimbrough, 2003). The narrower chemical range and relatively mafic character of the 

WFO when compared to the SPS has been hypothesized to be caused by either a greater 
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degree of partial melting (Muir et al., 1998) or partial melting of a different mafic source 

(Allibone et al., 2009b). 

This thesis tests an alternative interpretation that the geochemical diversity of the 

Malaspina Pluton’s chemistry is most consistent with fractional crystallization of a mantle-

derived mafic source with little assimilation of host rocks. Geochemical characteristics, 

trends, and models for the Malaspina Pluton support the production of an extensive mafic 

cumulate root derived from fractionation of a high aluminum arc basalt. We propose that 

deep-crustal fractionation is an important mechanism in MASH zones for refining the 

lower arc crust. 
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Figure 1: (Modified from Scott et al., 2011; Turnbull et al., 2010) Index map of Fiordland, New Zealand, 
highlighting the intrusive suites related to Cretaceous arc magmatism.	    
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CHAPTER 2: BACKGROUND 

 

2.1 GEOLOGIC OVERVIEW 

The South Island of New Zealand is dissected by the Alpine fault, an 800-km-long 

dextral transform boundary between the Pacific and Australian plates. The fault has 

accommodated 460 km of offset, breaking up formerly linear geological provinces (Figure 

2A). On the largest scale, the South Island is divided into three distinct geologic provinces 

that are offset by the Alpine fault: The Western Province, the Eastern Province, and the 

Median Batholith which lies between — and intrudes — the Western and Eastern 

Provinces. Although nomenclature for the metasedimenatry rocks, orthogneisses and 

plutonic rocks present in the South Island have been somewhat contentious over the past 

several decades, recent large scale mapping by New Zealand’s QMAP project allowed 

Allibone et al. (2009a) to define the three higher-order provinces more succinctly than 

previous studies.  

The Western Province comprises areas where Early Paleozoic metasedimentary 

basement exists, either as continuous units or as xenoliths in plutonic rocks. On New 

Zealand’s South Island, the Western Province is offset by the northwest-southeast striking 

Alpine Fault, and therefore is mostly exposed in the northern- and southernmost parts of 

the Island. South of the Alpine Fault, the Western Province exists solely in the 

southwestern tip of the South Island, making up most of the glacially sculpted landscape 

called Fiordland (figure 1). The most significant metasedimentary terranes are the 

lithologically diverse Takaka terrane and the mainly quartzose Buller terrane, both of 

which were originally deposited on or near the Early Paleozoic margin of Gondwana 
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(Münker and Cooper, 1999; Turnbull et al., 2010). The Western province is also made up 

in large part by many intrusive units that are parts of the Median Batholith. 

The Eastern Province comprises Permian to Early Triassic volcanic and plutonic 

rocks of the Brook Street terrane (Turnbull et al., 2010). It extends west until it comes into 

contact with Permian volcanic rocks that make up the outboard suite of the Median 

Batholith (figure 2A) (Allibone et al., 2009a; Mortimer et al., 1999). The Brook Street 

terrane may represent parts of an oceanic arc that were accreted during a period of Triassic 

to Early Cretaceous subduction along the Gondwana margin (Allibone et al., 2009a). 

The Median Batholith consists of a pair of inboard (western) and outboard (eastern) 

belts (figures 1 and 2). Both the inboard and outboard sections of the Median Batholith 

contain rocks from two major, prolonged episodes of convergent arc-related magmatism 

on the eastern margin of Gondwana: one in the Carboniferous, and one in the Mesozoic. 

Palinspastic reconstruction (e.g. Mortimer, 2008) reveals that the Median Batholith was 

continuous along strike with Carboniferous to Cretaceous plutons in Australia and 

Antarctica at around 90 Ma, suggesting that it is part of a disassembled cordilleran 

continental arc system. The inboard Median Batholith includes all the plutonic rocks that 

intrude the Western Province west of the Grebe mylonite zone. The outboard Median 

Batholith contains all the plutonic rocks east of the Grebe mylonite zone, and west of the 

Eastern Province (Allibone et al., 2009a; Mortimer et al., 1999). It is expressed primarily 

as the Darran Suite, which is composed of low Sr/Y calc-alkaline rocks that include gabbro, 

diorite, quartz diorite, quartz monzodiorite, tonalite, granodiorite, and monzogranite that 

were emplaced c. 230–136 Ma (Schwartz et al., in review; Allibone et al., 2009a).  
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The inboard Median Batholith comprises the Western Fiordland Orthogneiss and 

the Separation Point Suite. The Separation Point Suite represents the eastern portion of the 

inboard Median Batholith, and includes a variety of high Sr/Y intermediate-to-felsic 

plutonic rocks emplaced c. 128–105 Ma (Schwartz et al., in review; Allibone et al., 2007, 

2008, 2009a) at depths of about 6–12 km (Harrison and McDougall, 1980). The western 

portion of the inboard Median Batholith is the Western Fiordland Orthogneiss (WFO), 

which dominates the landscape of Fiordland and consists of at least 9 mafic-to-intermediate 

plutons ranging in age from c. 128–114 Ma (Schwartz et al., in review; Tulloch and 

Kimbrough, 2003; Hollis et al., 2003; Hollis et al., 2004; Klepeis et al., 2004; Sadorski, 

2015). The WFO plutons are mostly diorite and monzodiorite intrustions, with minor 

amounts of gabbro, monzonite and ultramafic rocks, many of which have been 

recrystallized at granulite or amphibolite facies (Allibone et al., 2009b). The plutons of the 

WFO were emplaced at varying depths, ranging from the middle crust (4–11 kbar, c. 12–

35km) in northern Fiordland and Stewart Island, to the deep crust (10–18 kbar, c. 30–54 

km) in southern Fiordland (Allibone et al., 2009b). The Malaspina Pluton in southern 

Fiordland is the focus of this study because it is laterally extensive and largely retains 

igneous textures and chemistry, even though it has been significantly recrystallized. It 

therefore represents an ideal sampling of lower crustal arc processes. The geochemical 

modeling of this study requires knowledge of both the final melt chemistry and the mineral 

chemistry of the cumulates in order to test the plausibility and mass balance results of a 

particular model. The following will discuss the Malaspina Pluton — which represents the 

final melt chemistry of the models — and the Breaksea Orthogneiss, which comprises a 

granulite component similar to the Malaspina Pluton, and an eclogite component which 



	   11	  

has been interpreted as cumulates (De Paoli et al., 2009). Mineral microprobe data from 

the eclogite component of the Breaksea Orthogneiss are used in the mass balance models 

of this study. 

 

2.1.1 THE MALASPINA PLUTON 

The Malaspina Pluton is one of the deepest igneous bodies in Fiordland in terms of 

emplacement depth (12–14.5 kbar, c. 42–50 km) (Mattinson et al., 1986; Daczko et al., 

2001; Allibone et al., 2009c; Stowell et al., 2014), and is composed primarily of diorite, 

monzodiorite and monzonite as well as gabbro and monzogabbro. Typical mineral 

assemblages include hornblende ± clinozoisite ± clinopyroxene ± orthopyroxene. Two-

pyroxene assemblages are common in the northern parts of the pluton, and the southern 

parts of the pluton are more commonly clinopyroxene diorite (Allibone, 2009b). Garnet is 

common in the southwestern parts of the pluton where it occurs in leucocratic monzodiorite 

alongside clinopyroxene and hornblende, and in association with trondhjemitic veins with 

garnet ± clinopyroxene reaction zones throughout the southern parts of the pluton. 

Emplacement ages determined by U-Pb zircon dating in literature range from c. 118–114 

Ma (Mattinson et al., 1986; Hollis et al., 2004; Klepeis et al., 2007; Sadorski, 2015; Tulloch 

and Kimbrough, 2003). The Malaspina Pluton was emplaced into the Deep Cove Gneiss 

of the Takaka terrane, producing contact aureoles 500–1000 m wide with garnet, kyanite 

and staurolite assemblages. Two stages of deformation at least partially recrystallized all 

mineral phases of the Malaspina Pluton: one phase was concurrent with emplacement at 

granulite facies (>700°C, c. 12 kbar) and the other, cooler phase at upper amphibolite facies 

followed emplacement, starting at c. 114 Ma (550–600°C, c. 7–9 kbar) (Klepeis et al., 
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2007, 2016). Although deformational fabrics dominate most exposures, field observations 

(e.g., Allibone et al., 2009b) establish that some areas of the Malaspina Pluton have 

remnants of original igneous textures in hand sample and outcrop scales, especially in the 

southern parts of the pluton.  

The Malaspina Pluton is distinguished from similar units such as the Misty and the 

Worsley Plutons by the widespread presence of disseminated garnet within it (often 

surrounded by leucosomes, which suggests garnet growth during granulite facies in-situ 

partial melting of the surrounding diorite). Trondhjemite veins with garnet ± clinopyroxene 

reaction zones are also characteristic of the Malaspina Pluton. Clinopyroxene is less 

common in the southern parts of the pluton (Allibone et al., 2009b). The widespread 

presence of high pressure mineral phases is consistent with the overlapping emplacement 

and metamorphism at granulite facies suggested by P-T studies of the Malaspina Pluton 

(Klepeis et al., 2007, 2016; Stowell et al., 2014).  

 

2.1.2 CENTRAL FIORDLAND MAFIC–ULTRAMAFIC ASSEMBLAGES 

 The Malaspina Pluton includes rare, meter-scale xenolith rafts of garnet-

clinopyroxenite and hornblendite (Oliver, 1980; Allibone et al., 2009a). Similar high-Mg 

gabbroic to ultramafic lenses, layers, and pods occur in the Breaksea Orthogneiss 

suggesting that the Malaspina Pluton may have intruded and disrupted cumulate layering 

during emplacement (figure 3)	   (De Paoli et al., 2009; Allibone et al., 2009b). The 

leucocratic diorite member of the Breaksea Orthogneiss that makes up 70% of the unit is 

chemically very similar to the Malaspina Pluton diorite, but was metamorphosed at depths 

of ~60km (c. 18 kbar: DePaoli et. al, 2009), and this relationship will be expanded upon in 
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the discussion chapter. The mafic-to-ultramafic lenses make up 25% of the exposed 

Breaksea Orthogneiss unit, with the remaining 5% being made up of coarse-grained 

hornblendite, pyroxenite and limited harzburgite (De Paoli et al., 2009). The mafic-to-

ultramafic lenses largely reflect eclogite mineral assemblages of garnet and omphacite ± 

orthopyroxene, and will be referred to in this paper as Breaksea eclogite. 

 The Breaksea Orthogneiss is throroughly recrystallized and lacks exposures of 

thermal aureoles in the host rock making its original emplacement depth difficult to 

determine. However, relict compositional layering is inferred to be igneous in origin, likely 

representing cumulate layering (Clarke et al., 2015; De Paoli et al., 2009). Some rafts of 

the Breaksea eclogite are present as xenolithic rafts up to several hundred meters across in 

the Resolution Island Orthgneiss unit (figure 3). Klepeis et al. (2016) report a U-Pb zircon 

age of 123 ± 1.3 Ma for the emplacement of the granulite phase of the Breaksea 

Orthogneiss. In addition to geochronological evidence, it is interpreted to predate the 

Malaspina Pluton due to the presence of rare dikes of garnet, two-pyroxene diorite similar 

to the Malaspina Pluton diorite that cross-cut the layering of the Breaksea Orthogneiss. 

 

2.2 GEOLOGIC HISTORY 

New Zealand represents the largest subaerial portions of Zealandia — a submerged 

continent that became separated from eastern Australia and Western Antarctica during the 

breakup of Gondwana in the Cretaceous (Luyendyk, 1995; Gaina et al., 1998; Davy, 2006; 

Mortimer, 2008). The following overview will document large scale tectonic events in New 

Zealand’s history, with a focus on the units exposed in Fiordland. 
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2.2.1 PALEOZOIC 

Members of the Early Paleozoic Takaka terrane — including the Deep Cove Gneiss 

into which the Malaspina Pluton intrudes — represent the oldest rocks in New Zealand 

(Cooper, 1989). Cambrian rocks are prevalent in the western Takaka terrane and 

Ordovician to Devonian to the east (Wandres and Bradshaw, 2005). Detrital zircons from 

undifferentiated metasedimentary rocks associated with the Takaka terrane in central and 

western Fiordland are derived from continental Cambrian–Precambrian Gondwana 

sources, and many of these units have therefore been interpreted to have been deposited in 

close proximity to the Gondwana margin (Gibson and Ireland, 1996; Ireland and Gibson, 

1998; Hollis et al., 2004; Scott et al., 2009; Turnbull et al., 2010). It is likely that these 

sediments were originally related to a complex island arc off the coast of the Australian-

Antarctic section of Gondwana, possibly accumulating in a back-arc basin separating the 

arc from the continent (Münker and Crawford, 2000; Gutjahr et al., 2006; Bradshaw et al., 

2009; Turnbull et al., 2010). The Ordovician Buller terrane likely represents offshore 

silicilastic deposits from similar eastern Gondwana coastal areas (Cooper, 1989; Cooper & 

Tulloch 1992; Roser et al., 1996). The granitic Pandora and Jaquiery Granitoid Gneiss 

plutons intruded the Takaka terrane shortly after its deposition in the Ordovician, but the 

tectonic environment responsible for their petrogenesis is not understood (Turnbull et al., 

2010). 

Contractional deformation of the Buller and Takaka terrane sediments began by the 

Early Devonian, and is responsible for amalgamation of the two terranes. The deformation 

was coeval with low pressure/high temperature amphibolite grade metamorphism peaking 
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around 360 Ma, likely in response to the intrusion of Devonian granites (Ireland and 

Gibson, 1998; Allibone et al., 2007). The suture between the Takaka and Buller terranes 

was intruded by Carboniferous plutons during a phase of increased igneous activity 

between c. 355 and 345 Ma (Allibone et al., 2007). This was before and during a period of 

higher pressure mid-amphibolite grade metamorphism between c. 340 and 330 Ma. The 

Paleozoic contractional tectonics were likely punctuated by periods of intra-arc extension, 

as evidenced by short bursts of A-type magmatism between c. 350–320 Ma (Tulloch et al., 

2009b). The Fiordland area then underwent a period of relative tectonic quiescence through 

the Late Carboniferous, Permian and Early Triassic periods, with some minor sedimentary 

basins accumulating through this time (Hollis et al., 2004; Clarke et al., 2009; Turnbull, 

2010). 

 

2.2.2 MESOZOIC 

During the Late Triassic and Early Jurassic (c. 230–168 Ma), subduction reinitiated 

along the eastern Margin of Gondwana and emplaced a series of plutons ranging from 

dioritc to granitic in composition, including the Buller diorite, the Mistake diorite, the Slip 

Hill diorite, and the Oraka diorite — all of which are part of the outboard Darran Suite of 

the Median Batholith (Kimbrough et al., 1994; Tulloch and Kimbrough, 2003; Allibone et 

al., 2009a). More voluminous Darran suite plutonism began to occur in the Late Jurassic, 

with the emplacement of the ultramafic, gabbroic, dioritic, and granitoid rocks in the Daran 

Mountains (Mattinson et al., 1986). 

A significant increase in the magmatic flux to the crust in Fiordland began in the 

Early Cretaceous, around 128 Ma, dwarfing the magmatic addition rates of the Darran suite 
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before it (Schwartz et al., in review; Sadorski, 2015). The magmatic addition rates of the 

inboard Median Batholith (Sadorski, 2015) are comparable with those of North American 

Cordilleran systems, where high-flux magmatism has been studied in some detail (Paterson 

et al., 2002; Miller et al., 2009). The flare-up was accompanied by a change in magma 

chemistry, reflecting greater depths of partial melting or fractional crystallization (Muir et 

al., 1995; Muir et al., 1998; Tulloch and Kimbrough, 2003; Allibone et al., 2007; Tulloch 

et al., 2009b; Allibone et al., 2009a). The low Sr/Y character (< 40) of the Darran Suite 

transitioned to high Sr/Y character (> 40) during emplacement of the SPS suggesting that 

garnet played a role as either a fractionating or residual phase during magma generation 

(more detail will follow in the discussion chapter).  

Emplacement of the Western Fiordland Orthogneiss and the Separation Point suite 

continued from c. 128–105 Ma (Schwartz et al., in review; Sadorski, 2015; Hollis et al., 

2004; Klepeis et al., 2004; Tulloch and Kimbrough, 2003). The emplacement of these 

magmas was coeval with regional transpressional deformation and moderate- to high-

pressure metamorphism throughout the Western Province (Stowell et al., 2014; Bradshaw, 

1989; Clarke et al., 2000; Gibson and Ireland, 1995; Ireland and Gibson, 1998; Tulloch 

and Kimbrough, 2003; Hollis et al., 2003, 2004; Daczko et al., 2009; Scott et al., 2009; 

Allibone et al., 2009a, 2009b). The Grebe Mylonite Zone, the Indecision Creek Shear Zone, 

the George Sound Shear Zone, and the Caswell Sound Fold and Thrust Belt all developed 

during this time (Allibone and Tulloch, 2008; Allibone et al., 2009b). Mafic granulite and 

eclogite assemblages began to develop c. 70–80 km deep within the crust around 123 Ma 

(Allibone et al., 2005, De Paoli et al., 2009; Klepeis et al., 2016). 

The development of the Doubtful Sound, Mount Irene, and Resolution Island shear 
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zones (figure 3), among others, began around 108–106 Ma as extensional regimes began 

to develop during a period of cooling from garnet granulite to upper amphibolite facies 

conditions in Fiordland (Schwartz et al., 2016; Gibson et al., 1988; Gibson, 1990; Gibson 

and Ireland 1995; Scott and Cooper, 2006; Klepeis et al., 2007). These shear zones 

accommodated orogenic collapse in Fiordland between 108 and 106 Ma (Schwartz et al., 

2016), though exhumation continued regionally until the end of the Cretaceous (Kula et 

al., 2007; Bradshaw, 1989; Gibson and Ireland, 1995; King et al., 2008; Flowers et al., 

2005; Schwartz et al., 2016). The seemingly longest lived shear zones developed in the 

Early Cretaceous, namely the Straight River and Anita Shear zones (Turnbull et al., 2010). 

They superimpose older structures and fabrics, and are interpreted to represent a 

transpressional tectonic regime. In some areas, the sub-veritcal mylonitic fabrics of the 

Anita Shear zone may represent deep crustal early movement along the Alpine fault (Hill, 

1995a, 1995b; Klepeis et al., 1999; Sutherland et al., 2000; King et al., 2008). 

Although extension began c. 108-106 Ma (Schwartz et al., 2016), the timing of the 

actual cessation of subduction is more difficult to constrain. The widespread occurrence of 

A-type granites throughout the Zealandia continent at c. 97 Ma is interpreted to be the 

result of a termination of subduction and a major regional transition to extensional tectonics 

(Bradshaw, 1989; Mortimer, 2004). The cause of cessation of subduction is not well 

understood, but models include ridge subduction (Bradshaw, 1989), ridge stall (Luyendyk, 

1995), and collision of the Hikurangi Plateau with the trench (Davy, 1992). Much of 

Zealandia underwent extension and crustal thinning once subduction ceased, and by c. 85 

Ma, continued extensional tectonics led to the opening of the Tasman Sea between 

Zealandia and eastern Australia (Mortimer, 2008, Tulloch et al., 2009b).  
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2.2.3 CENOZOIC 

In the Miocene, the extensional regime that had existed throughout the Cenozoic 

shifted to obliquely convergent, reactivating Mesozoic normal faults as strike-slip and 

reverse faults (Walcott, 1998; Sutherland et al., 2006b). The change of tectonic 

environment caused the initiation of subduction of the Australian plate beneath Zealandia 

to the south of Fiordland in the Miocene, which subsequently led to subduction-related 

uplift in Fiordland in the Pliocene (House et al., 2005). Fiordland has been uplifted, rotated, 

and collapsed as a series of discrete fault-bounded blocks (Turnbull, 2010). Presently, 

Fiordland lies southeast of the Alpine fault, which accommodates up to c. 31 mm/yr of 

dextral strike-slip motion, and uplift continues in western Fiordland at a rate of c. 0.5 mm/yr 

(Turnbull et al., 2007; Kim and Sutherland, 2004; Barnes, 2009).   
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Figure 2: Palinspastic reconstructions of New Zealand geography from (A) the Late Cretaceous and (B) the 
Jurassic–Cretaceous (Modified from Turnbull et al., 2010, Scott et al., 2011, Tulloch et al., 2009b) The 
Median Batholith is separated into inboard and outboard belts (represented by the yellow and blue areas, 
respectively) due to important differences in geochemistry that imply distinctive petrogenetic 
circumstances.	    
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Figure 3: Detailed geologic map of Fiordland and major structural features (modified from Allibone et. al, 
2009b). The focus of this study is the Malaspina Pluton, pictured here in yellow with “MO” symbols. 
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CHAPTER 3: METHODS 

 

3.1 SAMPLING 

New sampling of the units in this study was conducted over the course of field 

seasons in 2012, 2013, and 2014, during expeditions to Fiorldand, New Zealand led by Dr. 

Joshua J. Schwartz. Additional data from Allibone et al. (2009b) and Hollis et al. (2004) 

were used to supplement whole-rock geochemical analyses. Mineral electron microprobe 

data from DePaoli et al. (2009) and Stowell et al. (2014) were used in geochemical 

modeling calculations. 

During sample collection in the field, effort was made to choose the least-weathered 

surfaces for sampling. Where un-weathered surfaces were not available, effort was made 

to break away all weathered surfaces to expose fresh sample. The sampling strategy was to 

collect from well-distributed locations across the Malaspina Pluton and to collect samples 

with igneous textures where available. Samples with migmatitic textures were avoided. 

The Breaksea eclogite samples were collected from well-exposed, mineralogically 

representative eclogite outcrops. All samples were collected by boat, or in close proximity 

to shorelines (figure 4). Sample 13NZ38b was collected from a raft of eclogite within an 

area mapped as the Malaspina pluton, but may represent a xenolith of Breaksea eclogite. 

Each day after collection, the samples were carefully catalogued and the UTM coordinates 

and lithology were noted.  

Once the sampling expedition was complete, the samples were sorted and cut at the 

Geological and Nuclear Sciences (GNS Science) rock laboratory facility. Geochemical 

samples were brought to California State University Northridge and further processed. All 
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samples were crushed down to ≤ 2 cm chips using a jaw crusher, and then powdered in an 

aluminum-ceramic “shatter box” mill. From there, separates were taken for X-ray 

fluorescence (XRF) and solution inductively coupled plasma mass spectrometry (ICP-MS) 

analyses.  

 

3.2 X-RAY FLUORESCENCE 

Tables 1 and 2 list the 36 samples from the WFO that were analyzed using XRF for 

this study. Of the 36 samples, 32 were mafic–intermediate rocks from the Malaspina Pluton 

and 4 were from the Breaksea Orthogneiss (3 dioritic granulites and 1 eclogite). After 

samples were powdered in the “shatter box” mill, they were mixed in a 1:2 ratio with flux. 

This amounted to approximately 3.5 g of sample powder mixed with 7.0 g of dilithium 

tetraborate (Li2B4O7) flux. Each sample/flux mixture was then fused in a graphite crucible 

at 1000°C for 20 minutes, and left to cool. They were then powdered again in the “shatter 

box” and re-fused under the same conditions to further homogenize the mixture.  

The samples were then taken to Pomona College’s XRF facility, polished on 

diamond laps, and analyzed using a 3.0 kW Panalytical Axios wavelength-dispersive XRF 

spectrometer equipped with PE, LiF 200, LiF 220, GE, and PX1 industrial crystals. 

Calibration curves defined by 55 certified reference materials that span a range of rock 

types were used to determine concentrations of major element oxides and trace elements 

(tables 1 and 2).  
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3.3 SOLUTION ICP-MS 

Table 3 lists the 17 WFO samples were analysed using ICP-MS for this study. Of 

the 17 samples, 13 were mafic–intermediate rocks from the Malaspina Pluton and 4 were 

eclogites from the Breaksea Orthogneiss. About 0.05 g of whole-rock powder from each 

sample was mixed with about 0.5 g of 61.6 ppb In spike solution and digested in 

concentrated hydrofluoric acid (HF) in capped teflon vials on a hot plate at ~107°C for 24 

hours at California State University’s (CSUN’s) geochemistry clean laboratory. The 

samples were then dried down and dissolved in concentrated nitric acid (HNO3), then dried 

again. The nitric acid digestion and evaporation was repeated, and after the evaporation, 2 

ml of HNO3 was added to dissolve the remaining sample and then the nitrate solution was 

diluted in milli-Q water until the entire mass was about 50 g. The samples were analyzed 

on a Thermo Element 2 high resolution (HR) ICP-MS. Blanks were prepared alongside the 

samples — with and without In spikes — to determine background levels from the 

instrument. The data were reduced using BHVO-2, a Hawaiian basalt standard from the 

United States Geological Survey (USGS).  

For elements that were analysed using both XRF and ICP-MS, ICP-MS data were 

used for plotting and modeling due to the greater precision allowed by the instrument’s 

lower detection limits. In the case of Zr, XRF data were used because Zr measurements 

were imprecise on the Element 2, possibly due to either imcomplete digestion of zircon or 

contamination from the instruments primary use: laser ablation U-Pb dating of zircon.  
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3.4 GEOCHEMICAL MODELING 

XRF and ICP-MS geochemical data collected for this study were supplemented 

with data from the GNS Science PETLAB collection and from literature in order to create 

a robust data set that was more representative of the large scale units being modeled. The 

whole-rock Malaspina geochemical data were supplemented with data reported by 

Allibone et al. (2009b) and Hollis et al. (2004), and the whole-rock Breaksea eclogite data 

were supplemented with eclogite analyses from Allibone et al. (2009b) and De Paoli et al. 

(2009). Mineral data from Breaksea eclogites were taken from De Paoli et al. (2009) and 

Stowell et al. (2014) (table 4).  

Mass balance calculations were performed using MIXING.EXE, a program 

developed by Terra Softa Inc. as part of the Igpet software suite. MIXING.EXE employs 

the petrologic fractional crystallization calculations using least squares regression of the 

major elements after Bryan et al. (1969). The program inputs include: a residual melt 

composition, mineral chemistry data and given partition coefficients. The residual melt 

compositions used were those of various mafic–intermediate samples from the Malaspina 

Pluton, and the mineral chemistry data were microprobe analyses of eclogite minerals from 

the Breaksea Orthogneiss (De Paoli et al., 2009; Stowell et al., 2014). The partition 

coefficients used were the defaults for fractional crystallization supplied with the program. 

The program outputs a residual melt fraction, a modal mineral assemblage of the 

hypothetical cumulate, and a calculated parental composition. It subtracts the calculated 

parental composition from a given parental composition and then multiplies the differences 

between the two by a weight factor to get a residual value. The purpose of the weight factor 

is to reduce the effect of the overwhelming predominance of SiO2 and Al2O3 in the analyses 
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when calculating the residual value. SiO2 had a weight factor of 0.4 applied and Al2O3 had 

a weight factor of 0.5 applied; all other oxides had a weight factor of 1.0. The residuals are 

then squared and added together to obtain a term called the “sum of squared residuals” 

(SSR). A model that returned an SSR of less than 1 was considered a viable model. Melt 

fractions and mineral modes of viable models, combined with average densities of the 

different rock types were then used to calculate estimated masses, volumes, and thicknesses 

of cumulates that would be necessary to recreate the chemistry of average and evolved 

Malaspina compositions from a primitive composition. Two different primitive samples 

were used as parental compositions, 12NZ28F and 14NZ74A. Two different daughters 

were used: 14NZ01C and 14NZ81, representing average and evolved Malaspina 

compositions, respectively.  
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Figure 4: Map of the Malaspina Pluton and sample locations (after Klepeis et al., 2016).  
(FA)-First Arm, (DS)-Doubtful Sound, (CA)-Crooked Arm, (HA)-Hall Arm, (VA)-Vancouver Arm, (BS)-
Breaksea Sound, (AP)-Acheron Passage, (WJ)-Wet Jacket Arm, (SRSZ)-Straight River Shear Zone.  
Circles represent Malaspina Pluton samples and crosses represent Breaksea eclogite samples. Red indicates 
samples collected as part of this study. Shades of blue and purple indicate supplementary samples collected 
as part of other studies, but used in the geochemical modeling of this study (authors noted in figure inset).  
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CHAPTER 4: RESULTS 

4.1 THE MALASPINA PLUTON 

The Malaspina Pluton rocks range from 49 to 59 weight percent (wt%) SiO2 with 

average value of 54.2 wt% (table 1; figures 6 and 9). MgO concentrations are between 2.8 

and 5.5 wt%, with Mg# ranging from 0.43–0.56 (Mg# = Mg/Mg+Fe; Mg = 

MgO/[molecular weight of MgO]; Fe = FeO*/[molecular weight of FeO]; FeO* = 

Fe2O3×0.8998). There is a close negative correlation between SiO2 and MgO (figures 6 and 

9), but an indistinct negative correlation between SiO2 and Mg# (figure 9). TiO2 (0.9–1.5 

wt%), Al2O3 (18–23 wt%), Fe2O3 (5–10 wt %), MnO (0.1–0.2 wt%), CaO (5–9 wt%), P2O5 

(0.1–0.6 wt%) all decrease with decreasing MgO content, SiO2 and K2O (0.5–3 wt%) both 

increase with decreasing MgO, and Na2O (3.6–5.6 wt%) shows a weak increasing trend 

with decreasing MgO. These are all consistent with a differentiation trend, and overlap 

fields of plutonic rocks from the Sierra Nevada batholith in North America (figure 9). The 

trends are linear, and suggest a lack of change in major fractionating phases throughout 

differentiation. The rocks are metaluminous, calc-alkaline to alkali-calcic, and magnesian 

(figure 5) in character.  

A chondrite-normalized rare earth element (REE) abundance diagram (figure 10A) 

of the Malaspina Pluton diorite shows a narrow range, with significant enrichment in the 

light rare earth elements (LREEs) and therefore steep REE curves with La/Yb values up to 

20, consistent with garnet fractionation or garnet in the residue. REEs are enriched 6 to 

>100 times relative to chondrite. There is a lack of significant Eu anomaly (Eu/Eu* ranges 

from 0.86–1.20). The lack of Eu anomaly is consistent with a minimal role of plagioclase 

as a fractionating phase. The Malaspina Pluton rocks are HiSY (Sr/Y > 40, as defined by 
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Tulloch and Kimbrough, 2003) in character, which suggests the presence of garnet and 

lack of plagioclase in the source or cumulate that chemically shaped the Malaspina Pluton. 

Interestingly, the most primitive samples (Mg# > 53) have a HiSY signature, suggesting 

that although there is some evidence of garnet fractionation within the Malaspina (table 5; 

figures 10,12,14, and 18), the HiSY signature of the primitive samples was inherited before 

the Malaspina magma began differentiating along the liquid line of descent observed in the 

data. This will be expanded upon in the discussion chapter.  

The Malaspina Pluton is enriched in most trace elements relative to normal mid-

ocean ridge basalt (NMORB) (figure 10B), with the notable exceptions of Zr, Dy, Y, Yb 

and Lu, which are the same or lower in concentration relative to NMORB for most samples. 

One sampls reaches similar concentrations to NMORB for Nb, while the rest are relatively 

enriched. There are positive spikes in several large ion lithophile elements (LILEs) (Ba, K, 

Pb, Sr). There are negative spikes in some high field strength elements (HFSEs) such as 

Nb, La, and Zr. These positive and negative spikes are consistent with a subduction zone 

signature (Sun and McDonough, 1989). Using MgO wt % as a fractionation index, Rb, Ba, 

Zr, La, Ta and Ce show slight to significant increases with decreasing MgO wt% (figure 

7). Sc, V, Ni, and Zn show decreasing values with decreasing MgO. All other trace 

elements do not exhibit discernible trends. 

 

4.2 THE BREAKSEA ORTHOGNEISS 

The Breaksea Orthogneiss granulite samples exhibit a narrower chemical range, 

(e.g., SiO2: 48–55 wt%; MgO: 4–7 wt%; Mg#: 0.44–0.55) but otherwise overlap almost 

entirely with the Malaspina Pluton diorite samples. They overlap and extend beyond the 
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mafic end of the Malaspina Pluton diorite data, and closely follow the same trends in all 

major element oxides (figure 6). However, the Breaksea Orthogneiss eclogite displays 

much more chemical diversity than the granulite from the same unit and the Malaspina 

Pluton diorite (figure 7). Eclogites range in SiO2 concentration from 39 to 47 wt%, and 

likewise has a wide range of MgO concentrations spanning 7.7 to 15.5 wt%, and Mg# 

ranging from 0.48–0.81. All major element oxides likewise have a wider spread than the 

Malapsina Pluton, with the exception of K2O, which is less than 1 wt% for all eclogite 

samples. Many of the eclogite samples roughly plot along the extrapolated trends of several 

of the major element oxides, most notably in plots of CaO, MnO, P2O5, Fe2O3, and TiO2. 

There is a notable bimodal distribution of the eclogites in terms of Na2O content. Most 

samples range between 1.3 and 1.7 wt%, but five of them range between 8 and 14 wt%. 

The major element oxide ratios vs. SiO2 of the Breaksea Orthogneiss eclogite broadly 

overlap with the Sierra Nevada low MgO garnet pyroxenite xenoliths of Lee et al. (2006) 

(figure 9). The low MgO garnet pyroxenites were interpreted by the authors to be the 

second residual product in a two-stage refinement process of primary mantle-derived 

basalts into the intermediate Sierra Nevada plutons. The similarity of these ultramafic 

phases in the Sierra Nevada and Fiordland suggests systemic commonalities, supporting 

the use of the Breaksea Orthogneiss eclogite mineral data as accumulating phases in 

geochemical models for the evolution of the Malaspina Pluton. 

Breakesa eclogites show a high degree of variability in the REE and trace element 

plots (figure 11). No discernible trends or patterns are common among the four samples, 

except for a relative depletion in Zr and weak spikes (both positive and negative) in Gd 

and Pb. The rare earth elements are all enriched relative to chondrite, and the LREEs show 
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a weak positive slope in all but one sample, 13NZ33C, which has a strong LREE 

enrichment. Although the shape and slope of the REE pattern of 12NZ01A is similar to 

that of 13NZ38B, it is an order of magnitude more depleted in REEs. Eu anomalies are 

weakly positive (Eu* = 1.1–1.3), except for 13NZ33C which has a weakly negative Eu 

anomaly. (Eu* = 0.7). These weak Eu anomalies are consistent with a lack of plagioclase 

influence on the geochemistry of the eclogites.  
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Figure 5: Whole-rock major element geochemical data from the Malaspina Pluton diorites plotted using (A) 
Shand’s Index (Shand, 1927), (B) modified alkali-lime index (MALI) vs. SiO2 after Frost et al. (2001) and 
(C) Fe-index vs. SiO2 after Frost and Frost (2008). Data included are from this study, Allibone et al. 
(2009b), and Hollis et al. (2004).  
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Figure 6: Major element oxide Fenner diagrams of whole-rock geochemical data from Malaspina Pluton 
diorite and Breaksea Orthogneiss granulite. Data included are from this study, Allibone et al. (2009b), 
Hollis et al. (2004).  
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Figure 7: Major element oxide Fenner diagrams of whole-rock geochemical data from Malaspina Pluton 
diorite and Breaksea Orthogneiss eclogite. Data included are from this study, Allibone et al. (2009b), Hollis 
et al. (2004), and De Paoli et al. (2009).  
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Figure 8: Trace element Fenner diagrams. Data included are from this study, Allibone et al. (2009b), and 
Hollis et al. (2004). 
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Figure 8 (continued) 
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Figure 8 (continued) 
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Figure 9: Major element oxide Harker diagrams. Malaspina and Breaksea data are same as cited in figure 6. 
Sierra Nevada fields are from Lee et al. (2006), and bulk continental crust data are from Rudnick and 
Fountain (1995).  
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Figure 10: Whole-rock trace element abundance diagrams of Malaspina Pluton diorites. Crosses indicate 
Malaspina Pluton analyses and triangles represent the mean value of these data. (see discussion chapter for 
comparison). (A) Chondrite normalized rare earth element abundances (B) NMORB normalized trace 
element abundances. Values for chondrite and NMORB taken from Sun and McDonough (1989).  

	  
	  
	  
	  

	  
Figure 11: Whole-rock trace element abundance diagrams of Breaksea Orthogneiss eclogites. (A) 
Chondrite normalized rare earth element abundances (B) NMORB normalized trace element abundances. 
Values for chondrite and NMORB taken from Sun and McDonough (1989).  
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CHAPTER 5: DISCUSSION 

The general model for the generation of continental crust involves partial melting 

of mantle peridotite in an arc setting, thereby producing Mg-rich basalt (<51 wt. % SiO2, 

>10 wt. % MgO, Mg# ≈ 0.69–0.80) (Ulmer, 2001; Parman and Grove, 2004). Bulk 

continental crust estimates are lower in MgO and more felsic than expected (c. 60 wt. % 

SiO2, c. 5 wt. % MgO, Mg# ≈ 0.38) for this simplified peridotite-derived melt model (Kay 

and Mahlburg-Kay, 1988; Kelemen, 1995). The two forefront hypotheses for secondary 

enrichment mechanisms include (1) fractional crystallization of an mafic–ultramafic 

assemblage from a primary basaltic magma, and (2) partial melting of existing crustal 

material to explain the chemistry of the continental crust. The arguments presented here 

suggest that in the case of the deep crustal root of the Early Cretaceous Fiordland arc (the 

Malaspina pluton), fractional crystallization of a mafic assemblage was the primary driver 

of geochemical differentiation. The sections that follow the geochemical discussion in this 

chapter present the implications of fractional crystallization control over a deep crustal 

MASH zone as it pertains to the evolution of continental crust. 

 

5.1 MAGMATIC EVOLUTION OF THE MALASPINA PLUTON 

5.1.1 CHEMISTRY OF THE MALASPINA PLUTON 

Although the Malaspina pluton evolved under extremely high temperatures and 

pressures, and has undergone extensive recrystallization, there seems to be little evidence 

of alteration. δ18O values do not change through time (figure 18), suggesting a lack of late 

fluid flow and supporting igneous interpretation of geochemical data. The Malaspina 

Pluton exhibits pronounced negative trends with increasing SiO2 and decreasing MgO in 
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its major element oxide trends, notable exceptions being Na2O and K2O (figures 6 & 9; 

table 1). Na2O has no discernible trend, and K2O has a positive trend. The negative trends 

in Fe2O3, MgO, CaO, Al2O3, and TiO2, are all consistent with fractionation of garnet, 

pyroxene, rutile and ilmenite, fitting with geochemical models discussed in section 5.4. 

The trends that exist are all linear, there are no inflections that suggest changes in 

fractionating phases (assuming the trends represent liquid lines of descent).  

The country rock that the Malaspina intruded into is the Paleozoic metasedimentary 

Deep Cove Gneiss (part of the Takaka terrane), but the pluton lacks any major element 

indication of S-type contributions: it is metaluminous, calc-alkaline to alkali-calcic, 

magnesian, and less than 60 wt% SiO2 (figure 5). Magmas with significant 

metasedimentary contributions would be expected to be peraluminous, calcic to alkali 

calcic, greater than 60 wt% SiO2 and straddle the ferroan/magnesian boundary (Frost et al., 

2001). In addition, the slight curve of the liquid line of descent in Fenner diagrams (figure 

6) suggests a fractionation trend rather than a mixing trend. A mixing trend would appear 

linear, as two end members would be controlling its geometry, rather than disparate phases 

of crystallization. On its own this evidence is inconclusive, but it at least suggests that the 

Malaspina Pluton is not heavily influenced by melt-rock interaction. This will be expanded 

upon with isotopic evidence in section 5.3.  

The Malaspina pluton exhibits high Sr/Y ratios (Sr/Y > 40 = HiSY, after Tulloch 

and Kimbrough, 2003). A HiSY signature typically implies a source or cumulate that is 

contains garnet and lacks plagioclase (further discussion on this in section 5.5). Important 

to note, however is there is no significant increase in the Sr/Y ratio with decreasing Mg# 

(figure 14), and so the presence of plagioclase in the cumulate during post-emplacement 
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fractionation of the Malaspina pluton cannot be ruled out based on a HiSY signature. In 

addition, although there is no significant negative Eu anomaly in figure 10A, the Eu 

anomaly does portray a decreasing trend with decreasing MgO concentration, suggesting 

removal of plagioclase during fractionation (figure 12).  

 

5.1.2 GEOCHEMICAL EVIDENCE OF FRACTIONAL CRYSTALLIZATION 

Partial melting and fractional crystallization are inherently difficult processes to 

distinguish and discriminating between restites and cumulates is equally challenging. 

However, sufficiently large data sets can reveal chemical trends that suggest the 

introduction of new crystallizing phases, the presence of which may imply fractional 

crystallization control over the magma’s chemistry. This is especially true of elements that 

have affinities for a particular mineral in the system (Zr in zircon, or P in apatite), because 

certain systematics in those elements can only be explained by the fractionation of trace 

element phases (Lee and Bachmann, 2014). Crystal-liquid segregation of mafic minerals 

from a primary basalt would initially lead to increasing Zr and P concentrations in the melt, 

but apatite and zircon fractionation will drive these concentrations downward. Figure 13 

(E and F) highlights trends in the Zr and P geochemistry of the Malaspina Pluton that 

indicate an apatite fractionation trend in the P2O5 data, but a lack of a zircon fractionation 

trend in the Zr data. Apatite crystallizes at a higher temperature than zircon in all models 

performed by Lee and Bachmann (2014), and the authors argue that a decoupling in Zr and 

P systematics is difficult to explain by magma mixing or partial melting, and is therefore 

likely caused by a difference in the timing of zircon and apatite saturation in a fractionating 

magma.  
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The CaO/Al2O3 ratio set against MgO variation is a useful tool for determining 

which fractionating minerals controlled the chemical evolution of a mafic magma, based 

on the affinity of plagioclase, olivine, and clinopyroxene for Ca and Al (Stakes et al., 1984). 

Figure 13 C illustrates that clinopyroxene had a significant control over the Ca and Al 

budget of the magma, since the data lie along a narrow trend that matches the predicted 

slope of a trend caused by clinopyroxene fractionation. This trend is consistent with less 

dominant olivine or plagioclase fractionation. Ba can also be used to differentiate among 

mineral phases, because it has a higher — though still incompatible — affinity for 

amphibole than it does for clinopyroxene, plagioclase, olivine or garnet. CaO/Al2O3 ratios 

suggest minor, if any, plagioclase and olivine fractionation, so figure 13 D only includes 

estimated trends for clinopyroxene, garnet and amphibole. The trend in the Malaspina 

Pluton data follows the slope of the predicted trend for clinopyroxene, suggesting a lack of 

amphibole in the solid phase of the system.  

The La/Yb ratio of the Malaspina Pluton increases as MgO and SiO2 decrease, 

which is consistent with fractionation of a solid phase that includes garnet, since garnet has 

a significantly stronger affinity for HREEs (Yb) than for LREEs (La) (figure 13 A and 15 

A). The slope of the Dy/Yb ratio also suggests some garnet influence, as it is between what 

would be expected for garnet and what would be expected for either amphibole or 

clinopyroxene (figure 13B). Dy/Yb is also elevated compared to a primitive magma, which 

is also consistent with garnet due to its affinity for middle REEs (Dy) (figure 15 B). The 

solid lines in figure 13 (A and B) indicate the slopes of fractional crystallization trends 

estimated using partition coefficients of Mg, La, Yb, and Dy in garnet, amphibole and 

clinopyroxene. The slope of the trend in the data from the Malaspina Pluton falls between 
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the sub-vertical trend for garnet and the sub-horizontal trends for clinopyroxene and 

amphibole. This suggests that, in addition to garnet, clinopyroxene or amphibole had 

influence over the REE budget of the Malaspina Pluton. Setting the same REE ratios 

against SiO2 variability similarly shows a strong garnet control over REE chemistry (figure 

15). Figure 15 includes curves for the effects that experimental and modeled fractionating 

assemblages — including plagioclase, olivine, clinopyroxene, and amphibole — would 

have on magma chemistry, and the Malaspina data do not follow these trends, suggesting 

primarily garnet control of the REE budget. The Dy/Yb plot, however suggests a lack of 

amphibole control based on the trajectory from the hypothesized parental composition, but 

there is no discernible trend in the data, and so it it is not possible to discern whether garnet 

or amphibole had more significant influence over the Dy/Yb ratio as the Malaspina 

evolved, post-emplacement. In light of the aforementioned trends in major and trace 

element data, it is likely that crystal-liquid segregation was responsible for the geochemical 

evolution of the Malaspina Pluton, and a fractionating assemblage of primarily garnet + 

clinopyroxene + plagioclase ± amphibole had primary control over shaping the magma’s 

chemistry. 

 

5.2 BREAKSEA CUMULATES 

Previous studies interpret the compositional layering of granulite and eclogite in 

the Breaksea Orthogneiss to reflect mafic–ultramafic cumulate structures (eclogite) in a 

mafic–intermediate host pluton (granulite) (De Paoli et al., 2009; Clarke et al., 2013). The 

low silica content of the eclogites (39 – 47 wt% SiO2; Allibone et al., 2009b and this study) 

is not representative of a melt composition, and combined with textural evidence in the 
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field (Allibone et al., 2009b) the igneous cumulate interpretation appears to be valid. Figure 

6 and section 4.2 of this thesis illustrate the chemical similarities between the Malaspina 

Pluton and the Breaksea Orthogneiss granulite. In order to properly conduct mass balance 

models of the geochemical evolution of the Malaspina Pluton, mineral chemistry from the 

fractionating crystal assemblage is necessary (see section 3.4), but cumulates that can be 

directly linked to the Malaspina Pluton are unknown in Fiordland. Due to the similarity of 

the host pluton chemistry, tectonic environment, and emplacement depth (Allibone et al., 

2005, 2009b; De Paoli et al., 2009; Klepeis et al., 2007), this study treats the Breaksea 

Orthogneiss eclogite as an analog for the mineralogy and chemistry of cumulates 

fractionated from the Malaspina Pluton. Geochemical evidence suggests that removal of a 

solid fraction containing garnet + clinopyroxene + plagioclase ± amphibole controlled the 

geochemical evolution of the Malaspina, and therefore the eclogite of the Breaksea 

Orthogneiss is a useful proxy. 

Figure 16 further illustrates the plausibility of using the Breaksea Orthogneiss 

eclogite as model cumulate for the Malaspina Pluton. The slope of the trend for both the 

Malaspina Pluton and the Breaksea Orthogneiss eclogite are the same, and the trends are 

aligned with one another. This suggests a control line relationship, where the fractionation 

of one phase is controlling the chemistry of the other. In this case, the removal of garnet 

and clinopyroxene is likely controlling the chemistry of the Malaspina Pluton rocks.  

Additional support for the cumulate/melt relationship between the Breaksea 

eclogite and the Malaspina Pluton (respectively) comes from comparing the results of this 

study with geochemical data from the Sierra Nevada (Lee et al., 2006). Figure 9 illustrates 

that the Malaspina Pluton data broadly fit within the same fields as Sierra Nevada plutonic 
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rocks. Likewise, the low MgO garnet pyroxenite interpreted to be cumulates by Lee et al. 

(2006) generally overlap with the Breaksea eclogite samples. The similarities between the 

relationships of the Breaksea eclogite to the Malaspina Pluton and the low MgO garnet 

pyroxenites and Sierra Nevada plutonic rocks suggest that the Breaksea eclogite represents 

a decent approximation of a cumulate assemblage for the Malaspina Pluton.  

 

5.3 THE ROLE OF ASSIMILIATION 

Existing whole-rock isotopic data from the WFO (Muir et al., 1998; Bolhar et al., 

2008; McCulloch et al., 1987) are plotted in figure 17A, superimposed onto a binary mixing 

curve linking a depleted mantle source and the Cambrian–Devonian Takaka 

metasedimentary terrane that is intruded by the WFO at depth (Tulloch et al., 2009a; 

Wandres and Bradshaw, 2005). The Takaka terrane represents existing crust that was 

intruded by the WFO in the Early Cretaceous. The WFO data do not suggest any 

incorporation of the Takaka terrane, and instead fit squarely within the mantle array. This 

is in contrast to isotopic studies of North American batholiths, where Ducea and Barton 

(2007) estimated that ≥50% of the mass must be recycled crust based on isotopic 

signatures. This implies that the mechanisms that refined the chemistry of the magmas in 

North American batholiths may be different from those that refined the chemistry of 

magmas in Fiordland. 

Figure 17B shows zircon isotopic data from Decker (2016) plotted against a binary 

mixing curve between a depleted mantle source and an average value for the Takaka 

terrane. Although the Malaspina data (𝜀"#= +1.2 – + 6.5; Decker, 2016) are outside of 

depleted mantle values (𝜀"#≈ +16; Vervoort and Blichert-Toft, 1999) in terms of Hf 
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isotopes, they are within the range of mantle δ18O values (Malaspina δ18O = 5.67 – 5.75‰ 

VSMOW vs. mantle δ18O = 5.3 ± 0.6‰ [2σ] VSMOW; Valley et al., 1998). The δ18O data 

suggest there has been negligible crustal interaction with the Malaspina Pluton, but the 

𝜀"#indicate some interaction. This decoupling is discussed in further detail in section 5.5.  

Whole-rock δ18O values from the Malaspina Pluton (+4.53 to +6.36‰ SMOW, 

average = +5.79‰; Schwartz, unpublished) similarly reflect mantle characteristics (+5.37 

to +5.81‰ SMOW, average = +5.5‰; Eiler et al., 2000). Recycled crust would have strong 

positive δ18O signatures due to interaction with meteoric water (δ18O ≈ +10.5; Eiler et al., 

2000). Figure 18 illustrates that Malaspina δ18O values are independent from influence by 

Takaka terrane samples, which represent host rock material that would likely have been 

incorporated into WFO magmas if there were any significant degree of crustal assimilation.  

Further evidence for limited crustal contributions comes from Sadorski (2015), 

where four samples (13NZ59, 13NZ34A, 13NZ40D-1, and 12DC41C from this study) 

from the Malaspina that were dated using U-Pb zircon geochronology. None of the samples 

from the Malaspina Pluton showed any signs of inheritance in the age data or in 

cathodoluminescence imaging (Sadorski, 2015; their figures 7 and 8). Combined with 

mantle δ18O signatures, minimal Hf, Nd, and Sr isotopic excursions, low SiO2 

concentrations and mafic compositions of the Malaspina Pluton, this lack of inheritance 

suggests that assimilation of crustal sources did not play as significant a role in the 

development of WFO magmas as in the North American Cordillera. 
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5.4 GEOCHEMICAL MODELING 

Fractional crystallization mass balance calculations were able to replicate the 

average and evolved chemistry of the Malaspina pluton when the most primitive Malaspina 

samples are used as parent compositions, and mineral compositions from DePaoli et al. 

(2009) and Stowell et al. (2014) were used for fractionating mineral phases. Table 5 lists 

the results of successful models. The two samples used as parental magmas in geochemical 

models were the two with the highest MgO concentrations, since MgO is used as the 

primary fractionation index in this study. The Group 1 models all use 12NZ28F as a parent 

(SiO2 = 52.02 wt. %, MgO = 5.08 wt. %, Mg# = 0.51), and are calculated using both 

average (14NZ01C: SiO2 = 54.78 wt. %, MgO = 4.00 wt. %, Mg# = 0.48) and evolved 

(14NZ81: SiO2 = 56.98 wt. %, MgO = 2.99 wt. %, Mg# = 0.44) Malaspina pluton samples 

as daughters. Group 2 models use the same average and evolved daughter samples, but 

calculates models using 14NZ74A (SiO2 = 52.91 wt. %, MgO = 5.51 wt. %, Mg# = 0.56) 

as a parent to demonstrate a range of model results. Group 1 and 2 both calculate the 

relative masses of melt fraction and cumulate using different mineral assemblages for each 

model. The most primitive Malaspina samples both have Mg# values too low to be in 

equilibrium with mantle peridotite (Mg# = 0.69 – 0.80, Ulmer, 2001; Parman and Grove, 

2004). This suggests that the parental Malaspina magma had already undergone some 

degree of fractionation before producing the rocks of the Malaspina Pluton, and this will 

be discusses further in section 5.5. 

The mass percentages of cumulate versus remaining melt (representative of the 

Malaspina Pluton) are presented in Table 5, along with calculated cumulate thicknesses 

based on assumed paleothicknesses of 10 and 25 km for the Malaspina Pluton which is 



	   54	  

supported by Vp/Vs studies of the area (Eberhart-Phillips Reyners, 2001). The thicknesses 

were calculated using specific gravity of the respective rock types to convert the relative 

masses to relative volumes, and are provided in table 5 to help estimate the volumetric 

relationships between remaining melt and cumulates. The vertical thicknesses of cumulates 

are presented under the assumption that the lateral extent of the cumulates is the same as 

the Malaspina Pluton. 

Group 1 models resulted in between 36% and 61% remaining melt fraction by mass 

when using the average Malaspina daughter composition, and between 15% and 33% 

remaining melt fraction by mass when using the evolved Malaspina daughter composition. 

Succesful models were generated most often using compositions of approximately equal 

parts garnet + clinopyroxene or omphacite + plagioclase ± amphibole, with trace amounts 

of rutile. This corresponds to 39–64% of the original mass being crystallized as cumulates 

when using an average daughter composition, and 49–70% of the original mass when using 

an evolved daughter composition. When converted to volumes, the models predict that 36–

61% of the total melt + cumulate column would be cumulate assemblages when using an 

average daughter (figure 19A), and 65–83% would be cumulate assemblages when using 

an evolved daughter (figure 19B). These are equivalent to volumetric melt to cumulate 

ratios of between approximately 3:2 – 2:3 for an average daughter composition and 1:2 – 

1:4 for an evolved daughter composition. 

Group 2 models calculate between 45% and 58% remaining melt fraction by mass 

when using the average Malaspina daughter composition, and between 21% and 38% 

remaining melt fraction by mass when using the evolved Malaspina daughter composition. 

As with group 1 models, the group 2 models typically require approximately equal parts 



	   55	  

garnet + clinopyroxene or omphacite + plagioclase ± amphibole, with trace amounts of 

rutile. This corresponds to 42–55% of the original mass being crystallized as cumulates 

when using an average daughter composition, and 62–79% of the original mass when using 

an evolved daughter composition. Volumetrically, the models predict that 38–51% of the 

total melt + cumulate column would be cumulate assemblages when using an average 

daughter (figure 19 A), and 60–77% would be cumulate assemblages when using an 

evolved daughter (figure 19 B). The models result in melt to cumulate ratios of between 

approximately 2:1 – 1:1 for an average daughter composition and 2:3 – 1:3 for an evolved 

daughter composition. 

Both model groups had a range of results, depending on the mineralogy used as a 

cumulate phase. One model per group could replicate the Malaspina’s evolution without 

using garnet, however in light of the geochemical evidence for garnet as a fractionating 

phase (see section 5.1.3), models lacking garnet are dismissed as unlikely (A1-9, A2-9, 

M1-9, M2-9). Likewise, thicknesses of models M1-5 and M2-5 (ca. 80 and 120 km, 

respectively) far exceed reasonable thicknesses of arc roots. This can then be used to rule 

out models A1-5 and A2-5 as they are the average composition counterparts of these 

models, and likewise have unusually high amphibole volumes in the model results. Once 

the models are culled for plausibility, the results are far more consistent: an average 

composition can be obtained by melt to cumulate ratios of between 3:2 and 1:1, evolved 

compositions can be obtained by melt to cumulate ratios that are consistently around 1:2. 

These ratios are consistent with velocity studies of arcs summarized by Rudnick and 

Fountain (1995).  
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A 1:1 ratio of melt-to-cumulate is consistent with the work of Müntener and Ulmer 

(2006), whose experiments show that crystallization of high-pressure basaltic magma 

produces 40–60% mafic plutonic cumulates. This is also supported by observational study. 

Seismic velocity estimates of the Aleutian island arc (Shillington et al., 2004) document 

crustal sections having velocities consistent with andesitic to basaltic composition are 

about 10km thick, lying structurally above higher-velocity bodies interpreted as mafic–

ultramafic cumulates that are about 15km thick. This suggests that the formation of mafic-

intermediate crustal plutons requires the deposition of an equal amount of mafic–ultramafic 

cumulate rocks in the deep crust.  

Seismic velocity estimates of Fiordland (Eberhart-Phillips and Reyners, 2001) 

reveal a high velocity body about 40 km thick associated with the WFO. Eberhart-Phillips 

and Reyners (2009) posit that this thickness may include residual assemblages from partial 

melting. They cited studies that calculated the volume of source rocks would have to be 

about 3 times that of the WFO (Tulloch and Rabone, 1993; Muir et al., 1995) and therefore 

suggested that the upper 10km of the high-velocity body may represent the WFO and the 

approximate 30 km below that may be mafic residue. The fractional crystallization models 

of this study only require a 1:1 ratio of WFO to cumulate, meaning that the estimation of 

Eberhart-Phillips and Reyners (2001) may overestimate the amount of residual material 

present. Klepeis et al. (2016) use structural and geochronological data to show that the 

thermal and deformational Early Cretaceous history of the WFO is consistent with thick, 

hot lower crust that is prone to density-based reorganization. This supports the notion that 

the cumulates from Malaspina differentiation ended up structurally below the WFO, and 

may have undergone eclogitization and delamination from the base of the crust.  
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Clarke et al. (2013) used geochemical modeling to examine the generation of the 

Breaksea Orthogneiss eclogites as a result of fractional crystallization from a parent 

magma. The authors predicted cumulate assemblages of garnet and clinopyroxene until 

about 40% crystallization of the parent liquid, and by about 80% crystallization, 

plagioclase proportions reached close to 50% of the cumulate assemblage. While the model 

may work for the Breaksea Orthogneiss granulite, their model is not a good fit for evolution 

of the Malaspina pluton because they start with a monzodioritic magma (54.05 wt% SiO2, 

4.51 wt% MgO, Mg# = 0.33), which is too felsic to represent a starting composition for the 

Malaspina Pluton’s parent magma. The authors do suggest, however, that a less evolved 

magma maybe have been responsible for some of the garnet and clinopyroxene mineral 

chemistries they observed in the Breaksea eclogites, and that the monzonite parent magma 

in their models with may represent a magma that has already undergone some high-

pressure, mafic fractionation. This less evolved magma they hypothesize represents one 

similar to the mafic Malaspina samples used as parent compositions in the geochemical 

modelling of this study. 

 

5.5 MODEL FOR GENERATION OF PARENTAL MAGMA 

Primitive gabbros (49.2–52.6 wt.% SiO2) in the Malaspina Pluton are magnesian, 

metaluminous and calc-alkalic to alkali-calcic in composition. They are characterized by 

high Al2O3 (>18.3–20.6 wt.%) and Sr/Y values (>46–223), but low CaO (6.7–8.6 wt.%), 

Mg# (40–50), Y (7–24 ppm) and heavy rare element concentrations. Zircon δ18O values for 

these rocks range from 5.67–5.75 ‰ VSMOW, and overlap entirely with the mantle 

oxygen field (5.3 ± 0.6 ‰; 2SD: Valley, 2003). This suggests that the Malaspina magma 
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may have been derived from hydrous partial melting of mantle peridotite. However, the 

Mg# values of even the most primitive Malaspina samples are too low to be in equilibrium 

with direct mantle melts (e.g. Mg# = 0.69 – 0.80, Ulmer, 2001; Parman and Grove, 2004). 

This suggests that there was some differentiation process preceding the emplacement of 

the Malaspina Pluton in the deep crust at 12–14.5 kbar. The two most general possible 

models for the source and evolution of the parent magma are: 1) there was a phase of 

fractional crystallization of a mantle-derived basalt that took place before emplacement, or 

2) the original magma was not sourced from the mantle, but from melting of the subducted 

slab. The origin of the parental magma requires a separate study, but this section will 

speculate based on evidence gathered here that the parental magma of the Malaspina Pluton 

was a slab-derived melt that interacted with metasomatized sub-continental lithospheric 

mantle before being emplaced and fractionally crystallizing as the Malaspina Pluton. 

The first piece of evidence for a slab-derived melt interacting with sub-continental 

lithospheric mantle stems from the fact that the Mg# values of the Malaspina are too low 

to match a mantle source (as mentioned above), but also too high to match with slab-

derived melts alone (figure 20). This does not point to a specific genetic process, but rather 

precludes the exclusively mantle or slab melting as a source of the parental magma.  

Some conclusions about the parental magma can be drawn from the HiSY (high 

Sr/Y, after Tulloch and Kimbrough, 2003) signature of the Malaspina Pluton (figure 14). 

The HiSY signature implies that it chemically evolved at pressures greater than those where 

plagioclase would be stable. Plagioclase has a strong affinity for Sr and garnet has a strong 

affinity for Y and HREEs. Plagioclase is the dominant aluminum-bearing silicate phase in 

the shallow and middle crust, but with increasing depth plagioclase becomes increasingly 



	   59	  

unstable (releasing Sr from its mineral lattice). At the same time, garnet’s stability increases 

with depth, and it incorporates Y as it grows. Therefore, solid phases of magmas that evolve 

in the deep crust will involve stable garnet and a lack of plagioclase, leading to high Sr/Y 

ratios in the residual liquid (Moyen, 2009). The original model for the generation of HiSY 

melts involved melting of subducted, eclogitized oceanic lithosphere (Drummond and 

Defant, 1990).  

The HiSY signature of many flare-up magmas has been linked to deep crustal 

processes — including fractional crystallization of garnet — as being responsible for their 

development (Macpherson et al., 2006; Moyen, 2009). Although the fractional 

crystallization of garnet in the cumulates that this study proposes could impose a HiSY 

signature, the Sr/Y ratio is constant throughout fractionation, and above the HiSY threshold 

even in the most primitive sample. This suggests that the HiSY signature is a relic of the 

parental magma, and could either be from melting of a mantle source, such as a garnet 

lherzolite, or melting of an eclogitized oceanic slab (in the sense of Drummond and Defant, 

1990). 

Moyen (2009) expanded upon slab melting as the origin of an HiSY signature. They 

present a model to explain two observed groups of “adakites”, low-silica adakites “LSAs” 

and high-silica adakites “HSAs”. HSAs are hypothesized as being a direct result of slab 

melting, and LSAs are hypothesized to be the result of melting a mix of HSAs and the 

mantle. Comparing the Malaspina data to the fields of Moyen (2009), there is some overlap 

in chemistry, but also many inconsistencies (figure 21). In some cases, the Malaspina data 

overlap with exclusively LSAs or HSAs, and sometimes with neither. This is taken here to 

suggest that although there is no consistent parallel to be drawn between the Malaspina 
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Pluton and either HSAs or LSAs, it could be that the parental Malaspina magma comes 

from a slab melt interacting with the mantle; possibly to different degrees or with different 

end member compositions.  

Section 5.3 discussed the isotopic signatures of the Malaspina Pluton in detail, and 

dismissed the idea of significant continental crustal contributions. Yet the discrepancy 

exists that the δ18O and 87Sr/86Sr signatures are consistent with mantle values, but the 𝜀"# 

and 𝜀$% signatures are too low to be solely mantle signatures (figures 16 and 17). This 

decoupling could be suggestive of an enriched mantle source, which may explain the 

isotopic excursion in whole-rock Nd. An enriched mantle source may vary in isotopic 

signature in the Nd, Sr, and Hf systems, but would retain a low δ18O value (Eiler, 2001; 

Rollinson, 1993). However, the major element chemistry of the Malaspina pluton does not 

at all match with HIMU, EM1 or EM2 signatures (figure 22), and so an enriched mantle 

source is unlikely.  

In light of the evidence provided here, the model of a slab-derived melt interacting 

with metasomatized sub-continental lithospheric mantle serves to explain the isotopic and 

chemical signatures of the most primitive Malaspina Pluton samples. A slab melt would 

have low Mg# and high SiO2 (Rapp et al., 1999), and a mantle source would have high 

Mg# and low SiO2. An interaction of these two sources could explain the fact that most 

primitive Malaspina samples seem to lie in between the two end members (figure 20). 

Bindeman et al. (2005) posit that it is possible for different parts of the slab  to provide 

melts to adakitic magmas, thereby averaging out δ18O values to average mantle. Basaltic 

rocks and sediments in the upper slab have δ18O values of ca. 9–20‰, and hydrothermally 

altered gabbros of the slab interior have δ18O values of 2–5‰, and therefore an averaging 
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out of these two components would yield MORB-like δ18O values. Enriched 𝜀"# and 𝜀$% 

signatures could be a result of interacting with metasomatized lithospheric mantle, which 

could have isotopic signatures similar to old continental crust, and could explain a lot of 

the fluid-mobile element (e.g., Ba, K, Pb, Sr) enrichments seen in the Malaspina Pluton 

samples (figure 10). This model serves as a starting point for a more comprehensive 

evaluation of the pre-Malaspina history of the parent magma. A more detailed isotopic 

survey and further scrutiny of major and trace element data would be necessary to come to 

more definitive conclusions.  

 

5.6 PROBLEMS WITH THE PARTIAL MELTING MODEL 

Muir et al. (1998) posited that the felsic character of SPS granites (68.7 wt% SiO2; 

0.73 wt% MgO; Mg# = 0.31; Tulloch and Rabone, 1993) may be explicable by partial 

melting of the Darran Suite (51–54 wt% SiO2; 4.5–6.0 wt% MgO; Mg# = 0.5; Blattner, 

1991), and the significantly more felsic chemistry of the SPS is consistent with this 

hypothesis. They also argued that the Darran Suite rocks have the appropriate chemical 

and isotopic compositions to generate the WFO. This argument is based on a geochemical 

model using 30% batch melting of one Darran Suite sample (52.27 wt% SiO2; 4.33 wt% 

MgO; Mg# = 0.46) to replicate the REE chemistry of one WFO sample (56.43 wt% SiO2; 

3.74 wt% MgO; Mg# = 0.52) from the Worsley Pluton (figure 3) in Northern Fiordland. 

Their model requires a residue of garnet, amphibole, clinopyroxene, plagioclase feldspar, 

alkali feldspar, ilmenite, and magnetite. While their model is consistent with the data from 

the two samples, the chemistry of the Malaspina Pluton suggests a lack of plagioclase and 

amphibole fractionation (see section 5.1) and its SiO2 content overlaps with that of the 
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Darran Suite, precluding partial melting of the Darran Suite as a source for the Malaspina 

Pluton and, by extension, for other WFO magmas.  

The most mafic of the Malaspina Pluton rocks have lower silica content than any 

of the Darran Suite rocks, making the partial melting relationship impossible for these 

samples. Even if the most mafic Malaspina samples are ignored, the similarity of the 

Malaspina rocks to the Darran rocks mean that the melting of the Darran Suite rocks would 

need to be nearly complete to replicate the Malaspina Pluton’s chemistry, and nearly 

complete batch melting before any liquid segregation is geologically unreasonable. The 

mafic chemistry of the Malaspina Pluton would be more simply explained by the 

fractionation of mafic cumulates than by partial melting of a mafic source. 

 

5.7 HIGH-MAR EVENTS AND ARC ROOT PRODUCTION 

The last several decades have witnessed a recharacterization of arc magmatism 

from being steady-state to being punctuated by voluminous episodes of magma 

emplacement (Armstrong, 1988, Reymer and Schubert, 1984). Geochronologic studies 

have refined our understanding of the tempos of arc magmatism and have demonstrated 

that continental arcs generate huge volumes of material (75–80% of the arc’s mass) within 

relatively short episodes of time (10–15 Myr) compared to the life of the arc (often >200 

Myr) (DeCelles et al., 2009; Paterson et al., 2002, 2011; Miller et al., 2009). These high 

magma addition rate (high-MAR) episodes can occur several times over the life of the arc, 

separated by about 30–40 Myr, during which time the rate of magma addition to the crust 

recedes to background levels. The observance of the episodic nature of continental arc 
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magmatism has prompted many investigations into the triggers of these high-MAR events 

(Lee et al., 2006b; DeCelles et al., 2009; Hacker et al., 2011; Chapman et al., 2013).  

There are two main categories of hypotheses for the triggers of high-MAR events, 

and they mirror the two mechanisms that have been hypothesized for crustal geochemical 

evolution: (1) extensional deformation of the lithosphere and/or delamination of a dense, 

ultramafic root (generated by fractional crystallization of a primary magma), and (2) 

contractional deformation and/or the addition of fertile crustal material to arc magmas 

(Ducea and Barton, 2007). Radiogenic isotope data from North American coastal batholiths 

(average initial 𝜀$% -4.35, average initial 87Sr/86Sr = 0.7075, average whole-rock δ18O = 

8.5‰ SMOW) show a deviation of continental arc magmas from MORB values (initial 

𝜀$% ≈ +10, initial 87Sr/86Sr ≈ 0.7026, average δ18O ≈ 5.4–5.8‰ SMOW) (Sun and 

McDonough, 1989; Ducea, 2001; Ducea and Barton, 2007; Eiler et al., 2000). This 

difference suggests that the mantle cannot be the sole contributor to continental arc 

magmas. Magmatic flare-ups in continental arcs have been associated with deviations in 

radiogenic isotopes that suggest an increasing crustal component during high-MAR events, 

and a decreasing crustal component during the interim magmatic lulls (Ducea, 2001; 

Haschke, 2002; Ducea and Barton, 2007; DeCelles et al., 2009). Specifically, the 

𝜀$%	  values of  the North American coastal batholiths decrease by as much as 10 units of 

𝜀$%	  during the high-MAR events (Ducea and Barton, 2007; DeCelles et al., 2009). This 

temporally-linked isotopic excursion and the distinct isotopic signature of the continental 

crust have made contractional, crustal-addition models for high-MAR event triggers 

common in literature (e.g., DeCelles et al., 2009; Hacker et al., 2011; Chapman et al., 

2013).  
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There is a prevalence of flare-up magmas that exhibit high Na, Al, Sr, light rare 

earth element (LREE), and large ion lithophile element (LILE) concentrations, and 

depletions in Y and heavy rare earth elements (HREE), with a typical range of rock types 

including diorite, tonalite and granodiorite (Defant and Drummond, 1990; Martin et al., 

2005; Moyen, 2009). These magmas therefore exhibit high Sr/Y (Sr/Y >40; Tulloch and 

Kimbrough, 2003) and La/Yb ratios, and were originally labelled as “adakites” (Defant 

and Drummond, 1990), though the term is now reserved for volcanic rocks with this 

distinct chemistry. The plutonic equivalents are now often referred to simply as HiSY 

magmas (Tulloch and Kimbrough, 2003). 

The WFO represents a high-MAR event lasting from 128–114 Ma, with an areal 

addition rate of over 600 km2/Ma (figure 23; Schwartz et al., in review), constituting a high 

flux of magma to the crust comparable with flux rates in North American Cordillera 

(DeCelles et al., 2009; Paterson et al., 2002, 2011; Miller et al., 2009). As discussed in 

section 5.5, the recycling of existing arc crust has been implicated as a source for Early 

Cretaceous HiSY magmas in Fiordland (Muir et al., 1995,1998), which is consistent with 

the hypothesis of increased crustal input as a trigger for voluminous flare-up magmatism 

in continental arcs. However, section 5.3 (figures 16 and 17) discussed how the Malaspina 

Pluton provides little evidence for large degrees of crustal anatexis. Furthermore, 

geochemical trends (section 5.1) and models (section 5.4) suggest that the removal of 

fractionating garnet and pyroxene assemblages from the evolving melt alone successfully 

explains the chemistry of the Malaspina Pluton, without any need for additional 

contributions from crustal material. The association of the high-MAR event in Fiordland 

with the exposed deep crustal MASH zone exhibiting a lack of crustal signature implies 
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that the addition of crustal material may not be necessary for triggering a magmatic flare-

up event. 

 

5.8 CRUSTAL EVOLUTION 

As mentioned previously, the two highest-order hypotheses for explaining the 

discrepancy between observed and expected compositions of the continental crust are: (1) 

fractional crystallization reshapes the chemistry of arc magmas, and (2) continental crust 

is recycled/refined in continental arcs. The latter hypothesis has generally been favored in 

Fiordland to explain the chemistry of the WFO (Muir et al., 1995, 1998), and the mafic-

intermediate Darran Suite has been implicated as the source that underwent partial melting 

to generate the Early Cretaceous Fiordland magmas. However, the generation of silicic 

melt by crustal melting has been called into question (Dufek and Bergantz, 2005; Annen 

et al., 2006) because the mechanism commonly called upon (basaltic underplating) does 

not possess enough thermal energy to generate large volumes of melt (Barboza and 

Bergantz, 2000).  

The volume and chemistry of the WFO is more simply explained by fractional 

crystallization of garnet and pyroxene from a mantle-derived basaltic magma. The 

arguments laid out herein suggest that crustal anatexis played a minimal role in the 

geochemical evolution of the Malaspina Pluton. Fractional crystallization of a garnet and 

pyroxene cumulate root is a better fit for the geochemical evolution of the WFO. This has 

implications for the way continental arcs operate, in that it may indicate that significant 

crustal contributions are not necessary for triggering a magmatic flare-up, and that the 
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primary chemical differentiation of continental crust generated in an arc setting is instead 

the result of crystal-liquid segregation.  

Kelemen and Behn (2016) showed that the lower crust of arcs (e.g., Kohistan, Izu-

Bonin-Mariana and the Aleutian arc) is significantly depleted in highly incompatible 

elements compared to the lower continental crust, and therefore the authors called upon the 

“relamination” mechanism of Hacker et al. (2011) to explain how lower arc crust becomes 

enriched. A combination of primary arc magmatism and relamination was suggested by 

Kelemen and Behn (2016) to be responsible for the composition of the lower continental 

crust, and the trace element and REE chemistry of the Malaspina Pluton matches well with 

their estimates of lower continental crust composition, but does not match well with their 

estimates of lower arc crust (figure 24), even though that is what the Malaspina Pluton is 

interpreted to represent. 

One possible explanation for the incompatible element chemistry of the Malaspina 

Pluton is the enrichment of the lower arc crust in Fiordland via relamination processes, 

such as those discussed above (Kelemen and Behn, 2016; Hacker, 2011). Another 

explanation for the inability to successfully model incompatible element behavior might 

be that the actual cumulates from the Malaspina Pluton are unavailable, and the 

discrepancy arises from modeling Malaspina chemistry using the Breaksea eclogite.  
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Figure 12: Eu/Eu* vs. MgO (wt. %). There is a decreasing trend in europium anomaly with degreasing 
MgO, suggesting the fractionation of plagioclase feldspar during the chemical evolution of the Malaspina 
Pluton.  
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Figure 13: Malaspina pluton elemental ratios and concentrations vs. MgO. Solid lines in (A,B,D) are 
calculated using partition coefficients from GERM partition coefficient database 
(http://earthref.org/GERM/), Solid lines in plot (C) are from Stakes et al. (1984). Dashed lines in (E,F) are 
interpreted trends in the data. (A) La/Yb ratio increases with decreasing MgO between calculated trajectories 
for garnet and either clinopyroxene or amphibole fractionation. (B) Dy/Yb ratio behaves similarly to La/Yb, 
suggesting garnet influence combined with either clinopyroxene or amphibole. (C) CaO/Al2O3 ratio 
decreases with decreasing MgO, suggesting clinopyroxene fractionation, and a lack of influence from either 
olivine or plagioclase. (D) Ba increases with decreasing MgO at a rate that suggests clinopyroxene 
fractionation. (E) Increase in Zr with decreasing MgO suggests lack of zircon fractionation. (F) Decreasing 
P2O5 with decreasing MgO suggests apatite fractionation. 
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Figure 14: Sr/Y vs. Mg# of Malaspina Pluton. HiSY = high Sr/Y (Sr/Y >40), LoSY = low Sr/Y (Sr/Y <40). 
See text for explanation of HiSY/LoSY signatures. 
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Figure 15: REE ratio vs. SiO2 plots, after Davidson et al. (2007). Red and blue lines represent experimental 
results and geochemical models from Davidson et al. (2007) and Rapp and Watson (1995).  
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Figure 16: CaO/Al2O3 vs. MgO plots illustrating the geochemical relationship between the Malaspina Pluton 
and the Breaksea Orthogneiss eclogite. Although the Breaksea Orthogneiss eclogite is not direct cumulate 
from the Malaspina, the chemical similarity between the Malaspina Pluton and the Breaksea Orthogneiss 
granulite (figure 6) and the interpreted host/cumulate relationship between the granulite and eclogite of the 
Breaksea Orthogneiss both suggest that the Breaksea Orthogneiss eclogite represents a good model for the 
cumulates produced by differentiation of the Malaspina Pluton. 
 



	   72	  

	  
Figure 17: (A)Whole-rock 𝜀$% vs. initial 87Sr/86Sr plot showing contributions from existing crustal terranes 
in WFO magmas. The isotopic signature of the WFO cannot be explained by contributions from The Takaka 
terrane, a structurally associated metasedimentary unit. (B) 𝜀"# (zircon) vs. δ18O (zircon) data from the 
Malaspina Pluton, and shows that the Malaspina Pluton data do not fall along a crustal influence trend, and 
remain within the range of mantle values for δ18O (zircon). WFO data from Muir et al. (1998), Bolhar et al. 
(2008), and McCulloch et al. (1987). Takaka terranes from Tulloch et al. (2009a). Malaspina zircon isotope 
data from Decker (2016).  
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Figure 18:  Whole-rock δ18O vs. U-Pb zircon age of the Malaspina Pluton. NMORB field from Eiler et al. 
(2000). Takaka terrane field defined by 8 samples. Malaspina and Takaka terrane data from Schwartz 
(unpublished), U-Pb zircon age data from Sadorski (2015) and Schwartz and Klepeis (unpublished). 

	   	  



	   74	  

 
  



	   75	  

 
Figure 19 A: Mass balance fractional crystallization model results using 14NZ01C as a daughter, 
representing an average Malaspina composition. Models are converted to a vertical spatial dimension using 
an assumed paleothickness of 25 km for the Malaspina Pluton (see table 5). Percentages of cumulate 
mineralogy are in mass percentage.   
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Figure 19 B: Mass balance fractional crystallization model results using 14NZ81 as a daughter, representing 
an evolved Malaspina composition. Models are converted to a vertical spatial dimension using an assumed 
paleothickness of 25 km for the Malaspina Pluton (see table 5). Percentages of cumulate mineralogy are in 
mass percentage. 	   	  
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Figure 20: Mg# vs. SiO2 (wt. %), after Rapp et al. (1999). HMAs: high-magnesian andesites from the 
Setouchi Volcanic belt in Japan, representing mantle-derived material of similar SiO2 concentrations to the 
Malaspina Pluton. Slab melts field are the results of experiemental melts from natural hydrous basalts at 1–
4 GPa (Sen and Dunn, 1994; Rapp and Watson, 1995; Rapp, 1995; Rapp et al., 1999). Malaspina samples do 
not overlap with either field, suggesting a different origin.  
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Figure 21: Various plots modified from Moyen (2009) comparing Malaspina Pluton samples to common 
adakite signatures. LSA (red fields): low-silica adakites, HSA (blue fields): high-silica adakites, TTG (dashed 
fields): tonalite, trondhjemite, granodiorite suite, typical arc magmas (solid line fields): normal range of 
island and continental arc magmatism, fractionated andesites (gray fields): range of andesite suites that can 
reach adakitic signatures (HiSY) through fractional crystallization. (A) Total Alkali Silica plot, (B) Sr/Y vs. 
Mg# with curves for both slab melting models and metasomatized mantle melting models at various pressures 
(Moyen, 2009). Grey field shows the expected range of magmas resulting from interaction of the two 
aforementioned melts. Moyen used an HSA source (white diamond) and a range of F/a ratios of ¼ to ½ of 
metasomatized mantle melt models as endmembers. (C) La/Yb vs. Yb (ppm). (D) MgO (wt. %) vs. SiO2 (wt. 
%).  

  



	   79	  

	  
Figure 22: Comparison of Malaspina Pluton to enriched mantle values. K2O/TiO2 vs. CaO/Al2O3. Enriched 
mantle fields from Jackson and Dasgupta (2008). The Malaspina Pluton samples do not overlap at all with, 
or suggest a cogenetic relationship with, any of the enriched mantle sources.  
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Figure 23: (fig. 9 from Schwartz et al., in review) Areal addition histogram comparing the upper-, middle- 
and lower-crustal components of the SPS WFO system, and the older, outboard Darran Suite.  
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Figure 24: REE and trace element spider diagrams illustrating the relationship between the lower continental 
crust (LCC), lower arc crust (LAC), and the Malaspina Pluton, which represents lower arc crust in Fiordland. 
Kelemen and Behn (2016) argue that relamination is necessary to enrich LAC before it resembles LCC. Data 
from the lower arc crust in Fiordland, represented by the Malaspina Pluton, overlap entirely with LCC 
estimates from Kelemen and Behn (2016). 
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CHAPTER 6: CONCLUSION 

 

Major and trace element geochemistry paired with geochemical mass balance 

models suggests that the chemistry of the Malaspina Pluton is the result of crystal-liquid 

segregation of a basaltic arc magma. The evidence for this conclusion is summarized as 

follows:  

1.   Although previous studies have hypothesized that partial melting of the Darran 

Suite may be the source of WFO magmas (Muir et al., 1995, 1998), the more 

mafic character of the Malaspina Pluton precludes this relationship. 

2.   Whole-rock and zircon isotopic evidence suggests that crustal contributions to 

the flare-up magmas of the WFO were far less significant than in the flare-up 

magmas of the Sierra Nevada, which may indicate that a flare-up can be 

triggered by means other than crustal input.  

3.   Geochemical data suggest fractional crystallization drove the evolution of the 

Malaspina Pluton, and point to a mineral assemblage of predominantly garnet 

+ clinopyroxene + plagioclase ± amphibole with trace rutile as the fractionating 

assemblage. 

4.   Geochemical models suggest that the geochemical diversity of the Malaspina 

Pluton can be explained by the fractionation of about 50-65% of the original 

mass as mafic cumulates. This ratio is consistent with experimental and seismic 

studies of arc magmatism (Rudnick and Fountain, 1995; Müntener and Ulmer, 

2006). 
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The Malaspina Pluton represents one of the deepest igneous bodies associated with 

the voluminous magmatic flare-up event in the Early Cretaceous responsible for the 

emplacement of the WFO. One of the implications of this study is that magmatic flare-ups 

may not require significant crustal input as a trigger, since there is little evidence for crustal 

contribution to the Malaspina Pluton. The results of this study can also be extrapolated to 

suggest that the bulk composition of lower continental crust is primarily a result of 

fractional crystallization of arc magmas, and that the lower crust of arcs are the primary 

zones of differentiation of continental material. Suggested further research would include 

a large scale whole-rock isotopic investigation of the Malaspina Pluton, improved seismic 

velocity resolution in Fiordland, and a study focused on determining the pre-Malaspina 

history of the parental magma. 
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